Joining dissimilar metals has recently become very popular in industries because of the advantages associated with the weld joint. This paper focuses on an investigation of mechanical and material properties, and the optimization of mechanical properties in resistance spot welding methods in lap configurations between AISI 301 stainless steel and AISI 1020 carbon steel. The Taguchi method was used to design experiments. Welding was conducted using a spot welder. Tensile and Charpy impact test specimens were prepared from the welded sheets in appropriate dimensions and tensile and Charpy impact tests were performed for each specimen. The depth and width of weld nuggets were investigated. It can be concluded from the investigation that the welding joint in this method can offer moderate strength and moderate Charpy impact energy. From the results of the Taguchi analysis, the combination of optimum parameters for dissimilar stainless steel-carbon steel resistance spot welding is: welding current, 5.0kA; welding squeeze time, 3.0 cycle; and welding pressure, 40 psi. In order to improve significant mechanical and metallurgical properties of the joint, other variable parameters like voltage, electrode tip diameter etc. can also be introduced and investigated so that the most influential parameters and their suitable ranges can be identified.
INTRODUCTION
Resistance spot welding (RSW) is a proficient joining method commonly used for sheet metal joining. RSW has outstanding technical and economic advantages, such as its high speed, suitability for automation and low cost, which make it an attractive choice for the production of auto bodies, truck and rail cabins, home appliances etc. (Aslanlar, Ogur, Ozsarac, & Ilhan, 2008; Charde, 2012a Charde, , 2012b . As a large number of spot welds are applied in each of these particular applications -3000-7000 in an auto bodythe variable process parameters in RSW need to be very well adjusted (Martín, López, & Martín, 2007; Rahman, Arrifin, Nor, & Abdullah, 2008; Shah, Akhtar, & Ishak, 2013) . Additionally, dissimilar steel sheet structures are more demanding than single steel sheet structures due to spatter generation and electrode contamination issues during welding (Luo, Liu, Xu, Xiong, & Liu, 2009) .
Like any other welding method, joint quality in RSW is directly affected by the variable input parameters. A very common problem is controlling the input parameters to obtain a sound welding joint with the required mechanical and metallurgical properties (such as strength and toughness, microstructure etc.) (Farhad & Mehdi, 2010; Rahman, Rosli, Noor, Sani, & Julie, 2009) . Finding the relationships between the mechanical and metallurgical properties of RSW welding joint and process parameters is thus of great interest in the related industrial applications (Hamidinejad, Kolahan, & Kokabi, 2012; Rafiqul, Ishak, & Rahman, 2012; Rahman et al., 2008) .
The features and mechanical performance of RSW significantly affect the durability and impact resistance of a vehicle. Dissimilar RSW is more complex than similar welding, due to the different thermal cycles experienced by each metal. Despite the various applications of dissimilar RSW, reports in the literature dealing with mechanical behaviors of RSW joints are limited (Marashi, Pouranvari, Amirabdollahian, Abedi, & Goodarzi, 2008) . RSW is used to join dissimilar metals such as stainless steel and carbon steel because of its flexibility, easy process control and need for simple equipment (Kolarik et al., 2012) . Commonly, dissimilar metal welding refers to the joining of metals that have differences in physical, chemical and mechanical properties, such as melting point, thermal conductivity and expansion coefficient, corrosion resistance, strength, hardness, microstructure etc. (Alenius, Pohjanne, Somervuori, & Hänninen, 2006; Hernandez, Kuntz, Khan, & Zhou, 2008; Marashi et al., 2008) . AISI 301 stainless steel and AISI 1020 carbon steel were used in this study because this stainless steel has good corrosion resistance as a result of its chromium content. AISI 301 stainless steel is widely used to produce screw, machine parts and chemical equipment. AISI 1020 carbon steel was selected because of its hardness (140 HV) which is lower than that of AISI 301 stainless steel (240 HV). AISI 301 stainless steel is widely used for bolts, nuts, sheet material and machine components (Serope & Steven, 2000) . In this paper, RSW was used to join the dissimilar metals of AISI 301 stainless steel and AISI 1020 carbon steel. "Welding Current", "Welding Squeeze Time" and "Welding Pressure" were the variable process parameters. The weldability of AISI 301 stainless steel and AISI 1020 carbon steel was investigated through tensile and Charpy impact tests. A distinct type of compound formed by joining two or more different materials and which has different properties from those of the parent materials, is called an intermetallic compound, IMC (Imaizumi, 1984) . IMCs cause defects such as cracks, and deteriorate the mechanical properties of joints due to their brittle nature and so IMC formation was also investigated. Taguchi analysis was implemented to determine the significance and effects of variable parameters on response so that a variable parameter range can be identified in order to improve significant mechanical properties of the joint. The responses were optimized by determining the variable parameters through fine tuning, and confirmation tests for optimization were performed for validation.
EXPERIMENTAL METHOD
The materials used in this work were AISI 301 stainless steel and AISI 1020 carbon steel sheets. Prior to experimentation, pre-tests were conducted to determine the minimum and maximum anticipated welding current, welding squeeze time and welding pressure. The chemical compositions of the base materials are shown in Table 1 . The pre-tests were conducted to find the parameters that would form a structurally sound weld, and so maximum, middle and minimum values for each parameter were determined. As shown in Table 2 , parameter level selection was made by analyzing Figure 1 and Figure 2 . Based on the Taguchi analysis, an L9 orthogonal array was used to determine the total number of experiments, as shown in Table 3 . The experiments were labelled A to I. The welding operation was conducted using a spot welding machine. After the welding process was completed, the mechanical properties of the joints were tested using tensile and Charpy impact tests. In the material laboratory, a Shimadzu tensile tester was used to obtain the tensile and yield strengths. Each experiment was repeated three times. The results were recorded for each test, and the average values were taken for each test. A digital Charpy impact tester was used to determine the value of the Charpy impact energy. The Charpy impact energy is the energy absorbed when the work piece fractures. Each experiment was repeated three times, and the Charpy impact energy values were recorded for each test. To perform the Taguchi analysis, the results from the tensile and Charpy impact tests were analyzed, and analysis of variance (Fonseca, Casanova, & Valdés) was used to identify the most influential parameters and the level of effects on the responses. Regression analysis was also conducted to generate a model for the tensile strength and Charpy impact energy. The experimental results and the results from the derived model were compared to verify and validate the experiments. A macro-structural analysis of the weld joint was conducted, using an optical microscope. The weld nugget's width and depth was measured for each specimen. 
RESULTS AND DISCUSSION

Tensile Testing
A tensile test was performed three times for each specimen and the average values were taken as shown in Table 4 . From Table 4 , we can see that Joint H exhibited the highest tensile strength of 200.71MPa. The tensile strength of AISI 301 stainless steel and AISI 1020 carbon steel base metals was 520MPa and 379.00MPa respectively. The joint efficiency for joint H compared to AISI 1020 carbon steel base metal was thus 52.96%. The lowest tensile strength of 66.43MPa was achieved for joint A with very low joint efficiency of 17.53% compared to AISI 1020 carbon steel base metal. Joint H exhibited the maximum yield strength of 140.00MPa and joint A exhibited the lowest yield strength which is 62.33MPa. The yield strength of AISI 301 stainless steel and AISI 1020 carbon steel base metal is 206MPa and 205MPa respectively. The joint efficiency compared to yield strength of AISI 1020 carbon steel for joint H and A was 68.28% and 30.41% respectively. 5 out of 9 joints achieved more than 50% of the yield strength of AISI 1020 carbon steel base metal. So, in Table 4 , from the joint efficiency values in terms of both tensile and yield strength of AISI 1020 carbon steel, it can be concluded that a moderate strength of joints was achieved. 
Charpy Testing
Each specimen was tested twice for the Charpy test, and the Charpy impact energy was recorded as shown in Table 5 . Joint H exhibited the highest Charpy impact energy of 46.0J. Joint A exhibited the lowest Charpy impact energy of 31.0J. The Charpy impact energy for AISI 1020 carbon steel was 104J, and for AISI 301 stainless steel, was 120J. The highest joint efficiency was 44.23% for Joint H compare to AISI 1020 carbon steel base metal. The lowest joint efficiency was for Joint A with a numeric value of 29.81% compare to AISI 1020 carbon steel base metal. As can be seen from Table 6 , the Charpy impact energy for all joints was less than 50% compared to that for AISI 1020 carbon steel base metal. 
Analysis using the Taguchi Method
S/N Ratio
The results of the tensile and Charpy tests were used in the Taguchi analysis. Table 6 shows the input parameters and the values of output or responses (tensile strength and Charpy impact energy). The signal-to-noise ratio (S/N ratio) was calculated based on the results from the tensile tests (tensile strength) and the Charpy tests (impact energies) using Eq. (1) given below. After calculation, the value was tabulated in Table 7 . 
Analysis of Variance
The results of the ANOVA are shown in Tables 8 and 9 . The P values in Table 8 for the three parameters confirm that the "Welding Current" is the most significant and "Welding Pressure" is the least significant parameter for influencing tensile strength and Charpy impact energy. From Table 9 , the "Welding Current" had the highest F value (91.28). The second highest F value was for "Welding Squeeze Time", (5.19) and the lowest F value was observed for the "Welding Pressure", (2.45). The highest P-value of 0.290 was observed for the "Welding Pressure". The "Welding Squeeze Time" has second highest P value of 0.161, and the lowest P was for "Welding Current" which was 0.011. From this value of F-test and P, it can be concluded that "Welding Current" is the most significant, and "Welding Pressure" is the least significant, parameter for influencing tensile strength and Charpy impact energy. A ranking list for the variable parameters, namely the "Welding Current", "Welding Squeeze Time" and "Welding Pressure" that affected the tensile strength and the Charpy impact energy is shown in Table 10 . Welding current was ranked at the top, followed by welding pressure and welding squeeze time. 
Predicting the Optimum Parameters
Prediction of the optimum parameters was made using the response table for the S/N ratios, as shown in Table 10 . The S/N ratio used in this analysis was defined such that the "Larger the Better". The graph of the "Main Effects Plot for Means and S/N Ratio" is shown in Figure 3 . These graphs show the parameters being optimized. The set of optimum parameters are: Welding Current= 5.0 kA, Welding Squeeze Time= 3.0 cycles, and Welding Pressure= 40 psi. With the optimized parameters, another two sets of experiments were performed both for tensile and Charpy impact testing to find the tensile strength and Charpy impact energy of the joints. The results were investigated and analyzed to determine whether the experimental results validated the optimized parameter settings discussed in the "Macro Structural Analysis" section. According to the main effects plot from Fig. 3 (a) and 3(b), it is obvious that welding current is the most influential, welding pressure is the second most influential and welding squeeze time is the least influential parameter affecting the tensile strength and Charpy impact energy of the joints. Figure 3 also reveals that the level of factors with the highest S/N ratio is the optimal level. According to this, the optimal configuration of parameters for tensile strength and Charpy impact energy are, "Welding Current" = 5kA; "Welding Pressure"=40psi and "Welding Squeeze Time"= 3 cycles (Ambrogio, Gagliardi, & Filice, 2013) Figure 3: (a) Main effects plot for the means, (b) Main effects plot for S/N ratios.
Regression Analysis
A regression analysis was conducted to obtain the regression model for tensile strength and the Charpy impact energy. Regression analysis was used to generate a model to describe the relationships between the predictors (parameters) and the response (results from the tensile and Charpy tests). This analysis was also used to predict new observations. The regression models for tensile strength and Charpy impact energy are shown in Eq. (2) 
Based on regression analysis, the comparison between the experiment values and the predicted values for tensile strength and Charpy impact energy are shown in Table  11 . The calculated values from the models are slightly higher than the experimental results, however, based on the comparison between the predicted mean values of the tensile strength and the Charpy impact energy from the regression models, and the experimental results (based on the optimum parameter), the experimental values are validated. Figure 4 shows the relationship between the actual and predicted values for the tensile strength and Charpy impact energy. From Fig. 4 it is obvious that the developed models are adequate. The residuals in the prediction of each response are negligible because the residuals tend to be close to the diagonal line. The regression lines for both tensile strength and Charpy impact energy in Figure 4 show that the slope is very high, which means that the regression model for tensile strength and Charpy impact energy are valid because of the closeness between the experimental values and the predicted values from the regression models. 
Surface and contour plot
Surface and contour plots were also obtained from the analysis, and used to show the relationship between the parameters and the responses, that is which parameter contributed the most to the responses. In Figures 5(c) and 5(d), the lighter green shades cover the area where less tensile strength and Charpy impact energy will be acquired, however, the darker green regions cover the area where the highest value of the tensile strength and the Charpy impact energy can be achieved. When the parameter values increase, the values of the tensile strength and Charpy impact energies also increase, to specific limits. From these results, it can be concluded that at "Welding Current", 5kA and "Welding Pressure", 40psi tensile strength and Charpy impact energy will reach maximum values (Baradeswaran, Elayaperumal, & Issac, 2013) . The surface and contour plot in Figure 5 also proves the validity of the optimized parameter settings for tensile strength and Charpy impact energy. This plot also proves that "Welding Current" and "Welding Pressure" are the most significant parameters for influencing tensile strength and Charpy impact energy, which has been demonstrated already in Table 8 and Table 9 .
Macro Structural Analysis
The weld nugget's width and depth were investigated for Joint A, Joint H, and joints with optimized parameters as shown Fig. 6 (a) , 6(b) and 6 (c) respectively. It is clear from the macro structural illustration of Figure 6 (a) for Joint A that the difference between macrostructure at nugget, and around the nugget area is not distinguishable. This means that there was not enough melting or enough bonding in this joint, which is why the tensile strength and Charpy impact energy values were lowest for this joint. Figure 6 (b) shows that there was good melting and better penetration depth. This proved that there was better bonding between the two alloy sheets. The macro structure between the nugget and other area is clearly distinguishable and the weld nugget is clearly visible, therefore, the tensile strength and Charpy impact energy for this joint was higher compared to Joint A. Figure 6(c) shows the weld joint macrostructure at optimized parameter settings which clearly demonstrates even better melting and penetration depth. The penetration is highest and the joint seems to have better bonding. The tensile strength and Charpy impact energy was highest for this joint with optimized parameter settings. There were no IMCs seen at any of the joints. Figure 7 shows the plot for weld nugget width, and penetration depth for all joints (including the joint with optimum parameters setting). The joint with optimum conditions had the highest weld width and penetration depth of 9.316mm and 3.145mm respectively. The second highest was for joint H (weld width, 8.62mm and penetration depth, 2.853mm). The lowest weld width and penetration depth was for Joint A, which were 2.349mm and 0.587mm respectively. The validation test for the joint with optimum conditions obtain highest tensile strength (212.33MPa) and Charpy impact energy (46J) (showed in Table 11 ) which has validated the optimization model. 
